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Fluorescence microscopyThis work comprises a structural and dynamical study of monolayers and bilayers composed of native pulmo-
nary surfactant from mice. Spatially resolved information was obtained using ﬂuorescence (confocal, wide
ﬁeld and two photon excitation) and atomic force microscopymethods. Lipidmass spectrometry experiments
were also performed in order to obtain relevant information on the lipid composition of this material. Bilayers
composed of mice pulmonary surfactant showed coexistence of distinct domains at room temperature, with
morphologies and lateral packing resembling the coexistence of liquid ordered (lo)/liquid disordered (ld)-like
phases reported previously in porcine lung surfactant. Interestingly, the molar ratio of saturated (mostly
DPPC)/non-saturated phospholipid species and cholesterol measured in the innate material corresponds
with that of a DOPC/DPPC/cholesterol mixture showing lo/ld phase coexistence at a similar temperature.
This suggests that at quasi-equilibrium conditions, key lipid classes in this complex biological material are
still able to produce the same scaffold observed in relevant but simpler model lipid mixtures. Also, robust
structural and dynamical similarities between mono- and bi-layers composed of mice pulmonary surfactant
were observed when the monolayers reach a surface pressure of 30 mN/m. This value is in line with
theoretically predicted and recently measured surface pressures, where the monolayer–bilayer equivalence
occurs in samples composed of single phospholipids. Finally, squeezed out material attached to pulmonary
surfactant monolayers was observed at surface pressures near the beginning of the monolayer reversible
exclusion plateau (~40 mN/m). Under these conditions this material adopts elongated tubular shapes and
displays ordered lateral packing as indicated by spatially resolved LAURDAN GP measurements.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Pulmonary surfactant (PulS) is a key component of respiratoryme-
chanics. PulS reduces surface tension throughout the lung, thereby
contributing to its general compliance. Alteration, deﬁciency or inhibi-
tion of PulS results in a progressive deterioration of lung function [1].
PulS is present at the air/liquid interfacial layer lining the alveoli, and
forms a membrane consisting of an upper monolayer with several bi-
layers beneath [2]. These different membranous structures representf Biomembrane Physics, Univer-
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eatherall Institute of Molecu-
ford, Oxford OX3 9DS, United
l rights reserved.key structural elements that are crucial to PulS function. This material
contains 90% weight of phospholipids (saturated and unsaturated)
and cholesterol, and 10% surfactant proteins (SP-) A, B, C and D. It is as-
sumed that during the breathing cycles the low surface tension is
achieved by an enrichment of PulS in saturated phospholipids (mainly
DPPC), either by a selective DPPC inclusion, or by an exclusion of un-
saturated phospholipids and cholesterol [2–4]. It has been shown
that the particular composition of PulS causes lateral heterogeneities
at the membrane plane. For example, monolayers composed of repre-
sentative surfactant lipids and organic lung surfactant extracts (from
porcine or bovine sources) show densely packed segregated tilted liq-
uid condensed (TLC) phase domains embedded in a liquid expanded
(LE) phase, up to the so-called molecular squeeze-out or exclusion
plateau [1–5]. Cholesterol dependent liquid immiscibility is also re-
ported to be present in bilayers composed of native pulmonary surfac-
tant at physiological temperatures [6].
Addition of cholesterol to phospholipid bilayers produces signiﬁcant
supramolecular changes in the membrane, imposing conformational
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translational mobility of the phospholipids. At certain concentrations,
cholesterol induces the formation of a liquid-ordered (lo) phase [7],
that can coexist with a cholesterol-poor liquid-disordered (ld) phase al-
tering the membrane mechanical properties [8]. The liquid ordered
phase [9] has gained interest due to its proposed role in membrane
events originally put forth in the (still debated) raft hypothesis [10]. In
monolayers, cholesterol-enriched membrane domains have been re-
ferred to as condensed complex phase [11] and β-region [12]. They
have been also described in monolayers using myelin extracts [13].
A few years ago it was reported that porcine native pulmonary sur-
factant bilayers, as well as bilayers composed of organic extracts of this
material, display a coexistence of micrometer sized, liquid disordered
(ld) and liquid ordered (lo)-like domains at physiological temperature
[6,14]. This organizationwas shown to be cholesterol concentration de-
pendent. It was also reported that the surfactant proteins (SP) B and C
are highly enriched in ld-like phase regions [6]. This particular lateral
organization of pig PulS was shown to be essential for the optimal
spreading properties of the material and constitutes one of the few di-
rect evidences of the presence of functionally relevant liquid immisci-
bility in a biological membrane at quasi equilibrium conditions [6].
After the report of the existence of lo-like phases in porcine PulS bilay-
ers, their presence has been hypothesized in native PulS monolayers
[2,4,15]; however, systematic experiments aimed at proving this con-
jecture have not been conducted yet.
Our work aimed to systematically explore supramolecular features
of mono- and bilayers composed of mouse native pulmonary surfac-
tant. The experimental strategy was based on image techniques pro-
viding parallel quantitative spatially resolved information, i.e. atomic
force microscopy (AFM), wide ﬁeld, confocal ﬂuorescence microscopy
and multiphoton excitation ﬂuorescence microscopy using the polar-
ity sensitive probe LAURDAN. Also a detailed analysis of the lipid com-
position of mouse surfactant was conducted to explore functional
correlations between membrane structure and composition.
2. Materials and methods
2.1. Materials
TRIZMA base, NaCl, HEPES, sucrose, glucose, ascorbic acid, molibdate,
HCl, NaOH, H2SO4, H3PO4 and organic solvents, such as DMSO, chloro-
form and methanol were purchased from Sigma-Aldrich (Broendby,
Denmark). The ﬂuorescent probes, 1,1-dioctadecyl-3,3,3,3-tetramethyl-
indocarbocyanine perchlorate (DiIC18), 2-(4,4-diﬂuoro-5,7-dimethyl-4-
bora-3a, 4a-diazasindacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-
phosphocholine (Bodipy-PC) and, 6-lauroyl-2-(N,N-dimethylamino)
naphthalene (LAURDAN) were purchased from Molecular Probes
(Invitrogen, Copenhagen, Denmark). 1-palmitoyl-2-{6-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphocholine
(NBD-PC) was purchased from Avanti Polar Lipids (Alabaster, USA).
2.2. Methods
2.2.1. Puriﬁcation of pulmonary surfactant from mice
Bronchoalveolar lavage ﬂuids from Swiss black wild-type mice
were the source for PulS isolation. Breeding colonies are maintained
at the Animal Facility Center, University of Southern Denmark,
according to protocols approved by the Danish Centre for Animal
Welfare. Mice were anesthetized by intraperitoneal injection of pen-
tobarbital and a 20-gauge blunt needle was tied into the proximal tra-
chea. Bronchoalveolar lavage was performed ﬁve times with enough
volume (1.2–1.4 ml) of 150 mM NaCl to fully inﬂate the lungs. This
material was centrifuged at 800g for debris and cell removal. Surfac-
tant isolation was performed by ultracentrifugation at 60,000g for
2 hours at 4 °C, to allow for isolation of both large and small aggre-
gates. The pellet was re-suspended in 5 mM Tris buffer, pH 7.4,containing 150 mM NaCl. The total concentration of phospholipid
was estimated by phosphorus quantitation upon phospholipid miner-
alization [16]. Total mouse PulS (MPulS) isolated was aliquoted and
stored at a phospholipid concentration of 1 mg/mL at −80 °C.
2.2.2. Mass spectrometric lipid analysis
Total lipid extractswere subjected to quantitative shotgun lipidomic
analysis according to published procedures [17,18]. MPulS organic ex-
tracts were obtained by chloroform/methanol extraction [6] and were
spiked with a cocktail of internal standards: 36 pmol PA 17:0–17:0,
78 pmol PE 17:0–17:0, 11 pmol PG 17:0–17:0, 64 pmol PS 17:0–17:0,
67 pmol PC 18:3–18:3, 82 pmol PI 17:0–17:0, 45 pmol SM 18:1;2/
17:0;0, 61 pmol cholesterol-d7. Subsequently, the samples were ana-
lyzed with a combination of multiple precursor ion scanning and
multiplexed MS/MS using a hybrid QSTAR Pulsar i quadrupole time-
of-ﬂight mass spectrometer (MDS Sciex, Concord, Canada) equipped
with a robotic Triversa NanoMate nanoﬂow ion source (Advion Biosci-
ences, Ithaca, USA). Identiﬁcation and quantitation of lipid species
were performed using the LipidView software package (AB Sciex,
Concord, Canada) [17].
2.2.3. Giant unilamellar vesicles
Giant unilamellar vesicles (GUVs) were prepared directly from iso-
latedMPulS as previously described [6]. Prior to electroformation, aque-
ous stock solutions of MPulS (0.5 mg/mL total phospholipids) were
labeled with 0.2 mol% of DiIC18 and Bodipy-PC, or ~0.5 mol% of
LAURDAN from probe stock solutions prepared in dimethylsulfoxide
(DMSO). GUVs were electroformed either in presence of sucrose [19]
or under physiological conditions using 5 mM Tris and 10 mM HEPES
buffer (pH 7) containing 150 mM NaCl [20,21]. No signiﬁcant differ-
ences were observed between GUVs electroformed with either method
in terms of lateral structure. Brieﬂy, GUVs were prepared by depositing
the labeledMPulS aqueous solution onto the surface of twoPtwire elec-
trodes (3 μL each) in a specially designed chamber [19]. The samplewas
protected from light and placed under vacuum for ~30 min to allow the
native material to adsorb onto the platinum wire. Total dehydration of
the sample was avoided to keep membrane integrity. For GUVs pre-
pared in sucrose, 500 μL of a 200 mOsM sucrose solution was added
to the chamber and a low frequency alternate current (AC) ﬁeld of
10 Hz and 1.5 V amplitude was applied for 120 min at 50 °C using a
function generator (Van Draper Digimess Fg 100, Stenson, Derby, UK).
GUVs were harvested with a pipette and transferred to a plastic vial.
Once the solution reached room temperature, the vesicles were trans-
ferred to an iso-osmolar glucose solution in a special chamber (200 μL
of glucose + 50 μL of GUVs in sucrose in each of the 8 wells of the plas-
tic chamber— Lab-tek Brand Products, Naperville IL). The density differ-
ence between the interior and exterior of the GUVs causes the vesicles
to sink to the bottom of the chamber; within a fewminutes the vesicles
are ready for observation in an inverted microscope. Under physiologi-
cal conditions, GUVs were prepared and observed in a custom built
chamber reported elsewhere [22]. The deposition of the material on
the Pt electrodes was performed as described above for the preparation
of GUVs in sucrose but 200 μL of 5 mM Tris and 10 mM HEPES buffer
(pH 7) containing 150 mM NaCl were added to the chamber and the
AC electric ﬁeld immediately applied. Electroformation in these condi-
tions consists of three steps [20,21]: 1) 500 Hz, 106 mV (35 V/m) for
5 minutes, 2) 500 Hz, 940 mV (313 V/m) for 20 minutes, 3) 500 Hz,
2.61 V (870 V/m) for 90 minutes. As for electroformation with sucrose,
the temperature was set at 50 °C.
2.2.4. LAURDAN GP function measurements and analysis
LAURDAN GP function reﬂects the amount and extent of water
dipolar relaxation processes occurring in the probe local milieu and
is sensitive to membrane lateral packing [23] The ﬁrst extensive
characterization of LAURDAN ﬂuorescence properties was performed
in membrane model systems (glycerophospholipid vesicles) by
Fig. 1. Surface pressure versus relative area change isotherm (Langmuir–Wilhelmy)
from a compressed ﬁlm composed of native pulmonary surfactant obtained from mice.
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ally insoluble in water) and is located at the glycerol backbone region
of glycerophospholipid membranes, showing an even distribution in
membranes displaying phase coexistence [23]. Parasassi et al. report-
ed a pronounced red shift of the emission spectrum of LAURDAN dur-
ing the solid ordered (so) to liquid disordered (ld) phase transition
occurring in single component glycerophospholipid membranes. In
order to explain the particular response of the probe the authors pro-
posed the existence of an environment that can orient with the
LAURDAN excited state dipole [24]. In other words, during membrane
phase transitions dynamical changes (in the nanosecond time scale)
occurring in the probe's local milieu inﬂuence the ﬂuorescence life-
time of the probe. This has been proven to be related to local polarity
and, more importantly, to the amount of water content and the extent
of dipolar relaxation around the ﬂuorophore. A two state model was
successfully used to describe the response of the probe [24,25], pro-
viding the basis for the Generalized Polarization (GP) function deﬁni-
tion, introduced by T. Parasassi and E. Gratton [26,27]. The GP
function thus reﬂects the response of the probe's emission spectrum
to water content and dynamics, a phenomenon that is connected
with the lateral packing of membranous systems. The GP function
was originally deﬁned as:
GP ¼ IB−IR
IB þ IR
ð1Þ
where IB and IR are the measured ﬂuorescence intensities under con-
ditions in which a wavelength (or a band of wavelengths) B and R
(440 and 490 nm, respectively) are both observed using a given exci-
tation wavelength. This deﬁnition is equivalent to that of the classical
ﬂuorescence polarization, [28], if B and R are taken to represent two
different orientations of a polarizer in the observation channels. The
advantage of the GP for the analysis of the spectral properties of
LAURDAN is derived from the well-known properties of the classical
polarization function, which provides information on the intercon-
version between different “states.” In the classical deﬁnition of polar-
ization, the “states” correspond to different orientations of the
emitting dipole with respect to the laboratory axis. The equivalent
deﬁnition of the GP function reﬂects the interconversion between
two states B (unrelaxed, low dipolar relaxation) and R (relaxed,
high dipolar relaxation). These two emission states correspond, re-
spectively, to the so and ld phases in glycerophospholipid membranes
[26,27]. In lipid bilayers, blue shifted emission corresponds to high
LAURDAN GP values (0.5–0.6) which denote laterally ordered phases
(e.g. solid-ordered or gel), whereas red-shifted emission results in
low LAURDAN GP values (below 0.1) which indicate liquid disordered
phases [29]. Liquid ordered phases show intermediate values [14,30].
Importantly, the probability of ﬂuorophore absorption is related to
the cos4 of the angle (for two photon excitation) between the probe
transition moment and the polarization's plane of the excitation
light. Thus, only ﬂuorophores having an electronic (absorption) tran-
sition moment aligned parallel (or very close) to the polarization
plane of the excitation light will be efﬁciently excited [23]. This
photoselection effect is relevant in planar membrane experiments,
GUVs (only at the polar region) and in our in situ Langmuir monolay-
er setups. In monolayers this effect is observed especially at high sur-
face pressures when the orientation of the probe in the membrane
becomes increasingly perpendicular to the polarization plane of the
excitation light, i.e., when condensed phases are present or when
the monolayer is at the collapse point [31]. LAURDAN GP measure-
ments were done in GUVs, supported planar bilayers and in Langmuir
monolayers (at the air/water interface), all composed of MPulS. The
GP experiments were done three times in independent experiments
where multiple images (up to 20) were collected from each individu-
al samples and analyzed for statistical purposes.2.2.5. Langmuir–Wilhelmy compression isotherms and Langmuir–Blodgett
transferences
Surface pressure vs. molecular area isotherms were obtained using
a specially designed ribbon Langmuir–Wilhelmy trough (NIMA Tech-
nology, UK) as described previously [31]. Monolayer and bilayers
transferences onto mica were also performed as described in [32].
The Langmuir trough employed has a maximum area of 312 cm2
and a minimum of 54 cm2 and uses a continuous Teﬂon-coated rib-
bon instead of rigid barriers. The ribbons are moved uniformly reduc-
ing the conﬁned area where the sample has been placed to perform
the compression isotherm. The pressure is measured using the
Wilhelmy plate technique. The error is estimated to be on the order
of ±1 mN/m among different isotherms (a minimum of 3 measure-
ments were performed). The surface pressure vs. area isotherm
shown in Fig. 1 represents the ﬁrst compression of a ﬁlm spread on
an aqueous-buffered subphase. Brieﬂy, a suspension of isolated native
pulmonary surfactant membranes (30 nmol) was spread onto a
sub-phase composed of 5 mM Tris, pH 7.4, 150 mM NaCl. After let-
ting the sample equilibrate for 10 min, the monolayer was com-
pressed at a constant speed of 150 cm2/min until the minimum area
was achieved. This high speed was chosen to obtain a full compres-
sion isotherm reﬂecting the functional quality of the pulmonary sur-
factant. The experiments were done at 25 °C.
2.2.6. Langmuir ﬂuorescence microscopy experiments
Solutions of isolated native pulmonary surfactant (1 mg/ml) were
labeled using DiIC18 or NBD-PC using a ﬁnal probe concentration of
0.5 mol% to total phospholipids. LAURDAN GP experiments were
performed as described previously using the probe at 2 mol% [31], a
concentration that has been shown not to provoke any changes in
the lateral phase behavior and the mechanical properties of the mem-
brane [33]. There were no signiﬁcant morphological differences be-
tween membranes labeled with the different probes in the range of
surface pressures. In all setups a minimum of three independent ex-
periments were performed, and up to 20 images were collected and
analyzed. Monolayers in the Langmuir–Wilhelmy trough were pre-
pared following the procedure described above. The maximum sur-
face pressure investigated in these experiments was always below
the reversible exclusion plateau, and thus no hysteresis was observed
and subsequent material loss was avoided. The sample was spread
onto the air-water interface to observe a minimum surface pressure
of ∼0–1 mN/m. After 10 min of ﬁlm equilibration, the monolayer
was compressed at 50 cm2/min until the desired surface pressure
was reached (from 15 to 45 mN/m, in 5 mN/m steps). The ﬁlm was
again equilibrated for 5 min at constant pressure, before starting the
transfer. For deposition of monolayers, a previously immersed, freshly
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ﬁxed to a lifting device, was vertically raised out of the buffered
subphase at a speed of 10 mm/min at constant pressure. For deposit-
ing bilayers, right after the ﬁrst monolayer was transferred onto the
mica and was exposed to the air, the coated mica was slowly
(10 mm/min) transported again into the subphase, so the upper leaf-
let (second monolayers) of the bilayer was transferred on top of the
ﬁrst monolayer. Both hemi-leaﬂets in the bilayers were transferred
at a constant surface pressure of 32 mN/m. The ﬁnal bilayer was re-
leased from the clamp, kept always under aqueous suspension, and
was placed in a specially designed liquid cell for further imaging
analysis.
2.2.7. Atomic force microscopy on membranes, laser scanning confocal
and two-photon excitation microscopy on bilayers
Atomic forcemicroscopy (AFM) imagesweremade from Langmuir–
Blodgett supported monolayers and bilayers. Topographical images
were obtained with an atomic force microscope (JPK NanoWizard, JPK
Instruments, Berlin, Germany) using the ACmode in air for monolayers
and AC mode in water for the planar bilayers. Silicon-SPM cantilevers
(Nanosensors, NanoWorld AG, Neuchatel, Switzerland) were employed
in both cases. The scan rate was ∼1 Hz for all AFM images. A minimum
of 3 different supported mono- and bilayer systems were used and
images were recorded on a minimum of three different locations for
each sample. Image processing of AFM data was performed using the
pore and grain analysis module of the SPIP software package (Image
Metrology, Hørsholm, Denmark).
Bilayers, as GUVs or planar bilayers,were observed using a Zeiss LSM
510 META NLO microscope (Carl Zeiss, Jena, Germany). Excitation
wavelengths used were 488 nm (for Bodipy-PC), 543 nm (DiIC18),
and 780 nm (LAURDAN, two-photon excitation mode). Confocal im-
ages using DiIC18 and Bodipy PC were obtained as described elsewhere
[6]. LAURDAN GP images in GUVs and planar membranes were pro-
duced following the general procedure and instrumentation described
before [14,21]. A minimum of 10 different GUVs were used to obtain
the average GP values reported. Planar bilayer systems were examined
by placing the transferred sample in an upside down position, keeping
an excess aqueous content by placing a cover slide on top. Images
were recorded from at least three different regions of the bilayer and
from a minimum of three different transferred bilayers.
3. Results
3.1. MPulS lipid composition
Analysis of the different phospholipid lipid classes and species, satura-
tion/unsaturation ratios, and cholesterol content was performed on
MPulS using lipidmass spectrometry. Among the lipid classes, phosphati-
dylcholine (PC) is the most abundant (~70 mol%), followed by
cholesterol (~18%), phosphatidylglycerol (PG) (~9%), and phosphatidyl-
ethanolamine (PE) (2%) (Table 1 and Fig. S1A). PC 16:0-16:0 (i.e.
1,2-dipalmitoyl-sn-glycero-3-phosphocholine) is the most abundantTable 1
Lipid composition of mouse pulmonary surfactant. Major phospholipid classes includ-
ing mol% of saturated and unsaturated species determined by mass spectrometry.
PC PG PE Saturated
phospholipids
Unsaturated
phospholipids
mol % 70 8 3 39 43
Saturated:unsaturated
phospholipids mol ratio
1:1 1:4 1:24
PC 1,2-diacyl-sn-glycero-3-phosphocholine; PG 1,2-diacyl-sn-glycero-3-phospho-(1'-rac-
glycerol); PE 1,2-diacyl-sn-glycero-3-phosphoethanolamine.species representing ~30 mol% of the total amount of lipids (41 mol% of
PCs, and ~82 mol% of disaturatedPCs) and themost abundant disaturated
species among lipid classes (Fig. S1B and C). It is followed by PC 16:0-16:1
(19 mol%), which is mainly present in rodents [34] and cholesterol
(18 mol%). Interestingly, unsaturated phospholipid species are more
abundant than saturated phospholipid species (~43 vs. ~39 mol%).
Among the PCs, the saturation/unsaturation ratio is 1:1, whereas this
ratio in PGs and PEs is 1:4 and 1:24, respectively. There are only 17 differ-
ent lipid specieswithmore than a 0.5 mol% occurrence (Fig. S1D). Among
them, only 5phospholipids are recurrent in every lipid class, and each one
includes a 16:0 acyl chain (Fig. S1E). The predominant unsaturated phos-
pholipids are PC 16:0-16:1; PC 16:0-18:1, PC 16:0-18:2, PC 16:0-20:4, PG
16:0-18:1, and PG 16:0-18:2. Phospholipids with poly-unsaturated fatty
acid moieties are rare (Fig. S2).
3.2. MPulS functional analysis
Tensio-activity in PulS is classically characterized by measuring
compression isotherms. MPulS ﬁlms display a classical surface active
behavior, achieving a maximum surface pressure of ~67 mN/m and
exhibiting a plateau region from 41 mN/m to 47 mN/m (Fig. 1). At
these surface pressures, interfacial molecules cannot accommodate
in the 2D interface upon further area reduction, provoking their ex-
clusion toward the sub-phase. This can generate attached reservoirs
to the interfacial ﬁlm that reversibly reinsert upon expansion [5].
Hence, we will refer to this region as the reversible exclusion plateau
(REP) to avoid confusion with a pure collapse or permanent loss of
components. In this study the focus was placed at surface pressures
up to the initiation of the REP. So far, no experimental evidence of a
buckling process has been reported in native PulS monolayers.
3.3. Structural analysis of MPulS monolayers
3.3.1. Shape and size of membrane domains
Figs. 2 and 3 showphase segregation along the range of surface pres-
sures studied (up to 40 mN/m). Small and sharp-edged domains can be
observed at low surface pressure using AFM. The domains grow in size
and density while increasing the surface pressure up to 30 mN/m
(Fig. 4). Noteworthy, at 25 mN/m, AFM images (Fig. 2A) show irregular
oblong elongated domainswith an internal sub-micrometric texture. At
30 mN/m, AFM images reveal that the segregated domains change,
their shape becoming rounder, with extensions at the domain edges
and a different internal texture. At this point the largest size and maxi-
mum area coverage of the domains is achieved (Fig. 4). From 30 to
40 mN/m, the segregated domains become even more elongated and
interconnected, and their texture becomes more heterogeneous
(Fig. 2A). At 40 mN/m the AFM images (Fig. 2B) also show some
nanoscopic needle-shaped structures (named nanosilos) at the bound-
ary regions of the domains. This indicates initial protrusions from the
interface, precisely when the REP starts.
3.3.2. Lateral structure of membrane domains
Fluorescencemicroscopy and LAURDANGP images (Fig. 3) show co-
existence of domains along thewhole range of surface pressures. Below
30 mN/m, LAURDANGP images showdomainswith amore ordered lat-
eral packing than their surroundings. For instance, at 20 mN/m the GP
values obtained at the air water interface for these two distinct regions
were−0.19 and 0.28. Increasing the surface pressure shifts bothGPs to-
ward higher values. This effect ismore pronounced for the lowGP areas.
Interestingly, when the surface pressure reaches 30 mN/m, LAURDAN
GP reveals a quasi-percolated phase with a GP of 0.267 surrounded by
areas of GP of 0.014 (Fig. 5A, Table 2), resembling the morphology and
ΔGP values reported for the lo/ld phase coexistence in bilayers com-
posed of ternary lipidmixtures containing cholesterol [30]. Remarkably,
at this surface pressure the GP difference between these two areas
(ΔGP) reaches a minimum (~0.25) (see Fig. 5A). The partition of the
Fig. 2. A) AFM images of supported MPulS monolayers at different surface pressures. B) supported MPulS monolayers at surface pressures slightly above 40 mN/m showing pro-
trusions (see main text for details). Upright scale bar next to the AFM images represent Height in nanometers, (see Fig. 5B for ΔHeight data). C) LAURDAN ﬂuorescence intensity
images in the blue (438 ± 12 nm) and green (494 ± 10 nm) channels, i.e. IB and IR respectively in Eq. (1), and the corresponding GP image. The photoselection effect lowers the
ﬂuorescence intensity coming from the ﬁlm. However, the orientation of the probe changes in the protrusions and compensates the photoselection effect by increasing the ﬂuo-
rescence intensity signal. The higher probe ﬂuorescence intensity at the protrusions below the air–liquid interface indicates a buckling phenomenon towards the aqueous subphase.
The higher LAURDAN GP value (GPH) is indicated in the red colored protrusions inside the white open circled regions. The lower LAURDAN GP value (GPL) corresponds to the re-
gions surrounding the protrusions. The LAURDAN GP differences among these areas are expressed as ΔGP. Scale bar is 5 μm unless stated otherwise.
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provided by the LAURDAN GP images. However, NBD-PC behaves
somewhat differently (Fig. 3); the areas preferentially labeled with
NBD-PC are percolated at all surface pressures, something not observed
with DiIC18.
At 35 and 40 mN/m the ΔGP remains invariant. However, the ab-
solute GP values of these two distinct regions increases, indicating a
more dehydrated environment throughout the membrane (Fig. 5A).
Additionally, at the beginning of the REP the GP and AFM images
show protrusions (Fig. 2B and C). These protrusions are observed
by AFM and by the change in LAURDAN contrast due to the
photoselection effect [31]. These structures display high GP values
(N0.35). Moreover, it can be observed that the squeezed-out material
remains attached to the interfacial ﬁlm, adopting elongated tube-like
shapes, without the presence of cracks previously observed in DPPC
ﬁlms [31]. The AFM study provided the relative height differences
(ΔHeight) between the percolated phase and the domains (Fig. 5B).
A strong decrease in this parameter was observed from 20 to 25–
35 mN/m, where the lowest value is reached (~0.6–0.95 nm). From
35 to 45 mN/m, ΔHeight increases to ~1.5 nm. The protrusions
show a height difference of up to ~8 nm with respect to the ﬁlm sur-
face (Fig. 2B).3.4. Structural analysis of MPulS bilayers
GUVs composed of MPulS double labeled with DiIC18 and Bodipy-
PC show round-shaped segregated domains immersed in a percolated
homogeneous phase (Fig. 6A). This particular distribution of the ﬂuo-
rescence probes resembles that observed for GUVs composed of por-
cine PulS, where a coexistence of ld/lo-like phases has been reported
using the same experimental approach [6]. When LAURDAN GP im-
ages are analyzed in GUVs and planar membranes composed of
MPulS (Fig. 6A and B), the round domains show amore disordered lat-
eral structure (lower GP) than the percolated region, in line with the
presence of ld -like phase domains embedded in a percolated lo -like
phase. Interestingly, the spatially resolved LAURDAN GP information
in MPulS bilayers is remarkably similar to that observed in its corre-
sponding monolayer at 30 mN/m (Fig. 6C). The GP of the coexisting
regions, as well as their ΔGP, for supported bilayers, GUVs and mono-
layers are summarized in Table 2. Additionally, AFM experiments
(Fig. 6B) reveal that the coexisting regions in bilayers have an inner
nanometer sized structure, which has been postulated to be important
for allowing non-hindered diffusion of lipid molecules along the
membrane plane [14]. The apparent higher height of these disordered
domainswith respect to the percolated area (ΔHeight ~2 nm) is likely
Fig. 3.MPulS monolayers at different surface pressures observed by ﬂuorescence microscopy at the air water interface. The column on the left corresponds to NBD-PC and the center
column to DiIC18. Images were obtained by wide ﬁeld ﬂuorescence microscopy. Right column, LAURDAN GP images of MPulS monolayers using two-photon excitation ﬂuorescence
microscopy. Scale bar is 10 μm.
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reported previously for porcine PulS bilayers [6].
4. Discussion and conclusions
4.1. Correlation between lipid composition and structure
MPulS has 17 major lipid species, of which only 5 phospholipid spe-
cies are common to each lipid class. DPPC is the most abundant species,
conﬁrming that it is a compositionally simple, highly evolutionary
conserved material [35]. Saturated phospholipids are crucial in achiev-
ing the required high surface pressure. However, these lipids spread
at and adsorb to the air/water interface slowly, an effect that is
counteracted by unsaturated phospholipids. Therefore, a ﬁne tunedbalance between saturation and unsaturation is critical for proper
performance of the material. In this particular case, a saturation/
unsaturation ratio of 0.9 is apparent. Unfortunately, it is difﬁcult to com-
pare these results with other studies, since none have included choles-
terol in the full lipidome analysis as the present paper does. Cholesterol
is another important balancing actor, which induces liquid immiscibili-
ty in the mixture generating the optimal viscoelastic and mechanical
characteristics of the PulS ﬁlm. Removal of cholesterol changes the bi-
layer structural pattern [6,14] and modiﬁcation of its molar ratio to
higher or lower values has been shown to negatively affect the function-
al activity of PulS [36]. Interestingly, the molar ratio between saturated,
unsaturated phospholipids and cholesterol (39:43:18 mol) in MPulS
coincides with a region in the DOPC/DPPC/cholesterol phase diagram
where ld/lo-like phase coexistence occurs [37–39]. This suggests that
Fig. 4. Structure of domains in monolayers composed of MPulS at different surface pressures. A) Area occupied by each domain at different surface pressures as analyzed from ﬂuo-
rescence microscopy at the air water interface. Native MPulS ﬁlms were labeled with NBD-PC or DiIC18 (NBD-PC Dom. and DiIC18 Dom., respectively), and also observed from sup-
ported monolayers using AFM. In this last case only domains larger than 0.5 μm2 were considered (AFM Large Dom.). B) Total area covered by the domains at each surface pressure.
The values were analyzed in a similar fashion as in A). Error bars are the SD. n = 5.
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complex biological mixture can produce the same scaffold observed in
a canonical (compositionally simpler) mixture.
4.2. MPulS monolayers up to REP
Below 30 mN/m, MPulS monolayers display structural features
that resemble a LE/TLC phase coexistence, with — micrometer sized —
laterally ordered segregated regions (TLC) that grow in density and
size upon compression. A similar behavior has been observed in por-
cine and bovine PulS extracts [2–4]. The TLC domains show internal
sub-micrometric patterns, which may arise due to molecularFig. 5. A) GP values of the coexisting membrane regions and their difference (ΔGP) at differ
B) Difference in height between the domains and the percolated area (ΔHeight) at differencompositional changes in the phase with increasing surface pres-
sure. For instance, at 25 mN/m, the domain texture resembles an
amalgamation of smaller quasi-nanometric patches, suggesting
that TLC domains are not homogeneously composed of DPPC. In-
stead, they may contain several structurally heterogeneous compo-
nents including saturated lipids. This intra-domain distribution has
been postulated to have a critical role in PulS function and could be
caused by cholesterol [15]. Upon increasing the surface pressure,
denser lateral packing is also observed in the membrane regions
displaying a LE phase character. This phase is probably enriched in
unsaturated phospholipids, contains some cholesterol and includes
the hydrophobic surfactant proteins (SP-B and C) [1,2].ent surface pressures in monolayers at the air water interface. Error bars are SD, n = 5.
t surface pressures as observed by AFM on supported monolayers.
Table 2
LAURDAN GP values of native mouse pulmonary surfactant membranes (monolayers at
30 mN/m, supported bilayers and free standing bilayers).
GP ordered
region
GP disordered
region
ΔGP
Free standing Bilayers 0.307 ± 0.040 0.020 ± 0.090 0.287 ± 0.090
Supported bilayers 0.302 ± 0.013 0.018 ± 0.008 0. 284 ± 0.031
Monolayers at 30 mN/m 0.267 ± 0.070 0.014 ± 0.074 0.251 ± 0.089
LAURDAN GP was obtained from the two Gaussian peak ﬁt analysis. Error SD, n = 5.
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changes when the monolayer reaches 30 mN/m, i.e. the percolated
phase has now a higher GP than the round domains. Additionally, the
ΔGP and ΔHeight between these regions are at their lowest in the
range of surface pressures explored. At 30 mN/m the structural features
observed in the monolayers resemble those described for membranes
displaying liquid immiscibility. When ﬂuid domains are embedded in
a ﬂuid environment, circular domains will form because both phases
are isotropic and the line energy (tension), which is associated with
the rim of two demixing phases, is minimized by optimization of the
area-to-perimeter ratio. Similar behavior, but at lower surface pressure,
has been described in artiﬁcial lipid mixtures and in some complex
lipid–protein materials where cholesterol was present [12,13,40–42].
These immiscible phases, or “condensed complexes” [8], have been pos-
tulated to contain different amount of cholesterol. The α-region, more
ﬂuid, contains lower cholesterol that the β-region [11,12].
Another interesting observation is related to the partition properties
of NBD-PC and DiIC18 below and at 30 mN/m. Although the information
obtained fromDiIC18 ﬂuorescent images is in linewith the structural in-
formation provided by the LAURDAN GP images, NBD-PC behaves dif-
ferently. The partition of some ﬂuorescent probes has been shown to
be dependent on their afﬁnity for local membrane chemical environ-
ments, rather than exclusively on local packing (or phase state) proper-
ties [23,43]. Therefore, we interpret the divergence in the behavior ofFig. 6. A) Top image is a GUV composed of MPulS labeled with BODIPY-PC (green) and DiI
planar bilayer (top image) showing a magniﬁcation (right image) of the area marked with
(top) and LAURDAN GP (bottom) images at 30 mN/m. Scale bars are 10 μm.NBD-PC (observed at 30 mN/m) as an indication of a change in the
chemical environment of the coexisting domains. From a technical per-
spective, the difference in the behavior of these two probes calls into
question the assumption that probes partition in terms of membrane
phases, often made in studies of membranes by ﬂuorescence microsco-
py. This situation can be easily avoided with the use of LAURDAN, as its
partition is homogeneous in membranes displaying domain coexis-
tence [23,31]. The use of LAURDAN (including the GP image analysis)
inmonolayer experiments allows for amore accurate exploration of lat-
eral structure and comparisons with other LAURDAN labeled membra-
nous systems (such as bilayers).
In the range of 30 to 40 mN/m — before the REP — the shapes of
the domains change from roundish to elongated, acquiring a ﬁnal
stripe-like form at 40 mN/m. Similar results have been observed
with other PulS materials. Although ΔGP is almost constant, local GP
values in these regions increase, indicating a more dehydrated and
laterally ordered arrangement. Additionally, ΔHeight abruptly in-
creases. We speculate that area reduction may impose an interfacial
molecular height and viscoelastic mismatch, more prone to happen
at the phase boundaries, which will trigger the exclusion of molecules
toward the third dimension, initiating the REP. This exclusion of ma-
terial can generate a molecular rearrangement in the ﬁlm, changing
its rheological and tension-active properties.
We hypothesize that themolecularmismatch at the edges of the do-
mainsmay be the cause of the observedmaterial exclusion from the in-
terface to the aqueous subphase. Interestingly, LAURDAN reveals the
initial stages of the REP inMPulS, indicating that the protrudingmateri-
al remains attached to the surface. These structures show low hydra-
tion/slow water dynamics (high GP) indicating high lateral packing.
These protrusions arise in the formof nanosilos at the domain boundary
regions (AFM experiments, Fig. 2B). This is in accordance with previous
hypotheses [2–5] and in linewith reports in other pulmonary surfactant
mimetic systems [32,44]. In contrast with DPPC monolayers, MPulS
monolayers do not show a collapse in the form of cracks [31]. Although
similar shapes have been suggested and predicted by others [5,45], thisC18 (red). Bottom, LAURDAN GP image of a MPulS GUV. B) AFM image of a supported
a white square. LAURDAN GP image of a supported MPulS bilayer (bottom). C) DiIC18
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native PulS material. This event results in no loss of interfacial compo-
nents and probably allows components to be ready for subsequent
compression-expansion respiratory cycles.
4.3. Monolayer–bilayer correspondence
The correspondence between observations made in mono- and
bi-layers is a longstanding issue that has been elusive, mainly due to
the lack of studies using comparable techniques in both systems. Fluid
immiscibility observed in mono- and bi-layers has exhibited both simi-
larities [46,47] and discrepancies [41]. Themain reasons put forth to ex-
plain mono-/bi-layer discrepancies have been monolayer artifacts due
to transfer techniques [41], phospholipid oxidation in monolayers
[12,41], and differences in acyl chain interactions, electrostatics, and
domain line tension [48]. In thepresent study, amatchwas observed be-
tween mono- and bi-layers of MPulS in particular experimental param-
eters. In this work we exploited the spatially resolved LAURDAN GP
information (lateral structure and packing) that can be simultaneously
measured in both systems, allowing comparative analysis. Taking into
account this information, we observed at ~30 mN/m a strong corre-
spondence between the monolayer structural properties and those of
the bilayers. This resemblance occurs at a surface pressure in line with
that theoretically predicted and experimentally reported in samples
composed of single lipids [31,49]. Moreover, the calculated averagemo-
lecular area relative to an average lipid molecular weight at ~30 mN/m
in MPulS is ~45 Å2/molecule, a value estimated for phospholipids em-
bedded in a natural membrane [49].
5. Concluding remarks
MPulS bilayers display a lo/ld-like phase coexistence that closely re-
sembles the structure of MPulS monolayers at ~30 mN/m. The relative
amounts of the three major components of the lipidome (saturated/
unsaturated phospholipids and cholesterol) play an important role in
membrane lateral structure. To our knowledge this is the ﬁrst time that
monolayer–bilayer correspondence, theoretically predicted and experi-
mentally demonstrated for membranes composed of single lipids, is
established for a biologically relevantmembrane system. At surface pres-
sures close to the REP, coexistence of domains persists in themonolayer.
Areas of excluded material are observed at the domain boundaries upon
the onset of the REP. The excludedmaterial, as observed by ﬂuorescence
microscopy at the air water interface, arises in the form of buckles at the
edges of the membrane domains. These buckles remain attached to the
interface, pointing toward the aqueous subphase, and prevent the loss
of membrane material. We speculate that this phenomenon may be rel-
evant in facilitating exchange of pulmonary surfactant components
among bilayer-based structures and monolayers.
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